, with a sharp drop in the carrier density n from n ≈ 1 + p above p* to n ≈ p below p*, a resistivity linear with temperature T, and a specific heat with a log(1/T) dependence. Yet, there is no evidence for long-range magnetic order appearing at p*. However, numerical solutions of the Hubbard model have shown that a pseudogap phase can arise from short-range antiferromagnetic correlations 9 . It has been argued that an exotic state with topological order can account for such a pseudogap and for the drop in carrier density without breaking translational symmetry 10 , but the low-energy excitations of such a state have yet to be detected.
. A notable exception is the family of hole-doped cuprates, where superconductivity mostly coexists instead with the pseudogap phase, which is an enigmatic state of matter whose nature remains unclear 1 . The critical doping p* (for the onset of the pseudogap phase) bears the hallmarks of an antiferromagnetic quantum critical point 2 , with a sharp drop in the carrier density n from n ≈ 1 + p above p* to n ≈ p below p*, a resistivity linear with temperature T, and a specific heat with a log(1/T) dependence. Yet, there is no evidence for long-range magnetic order appearing at p*. However, numerical solutions of the Hubbard model have shown that a pseudogap phase can arise from short-range antiferromagnetic correlations 9 . It has been argued that an exotic state with topological order can account for such a pseudogap and for the drop in carrier density without breaking translational symmetry 10 , but the low-energy excitations of such a state have yet to be detected.
In recent years, the thermal Hall effect has emerged as a powerful probe of magnetic texture and topological excitations in insulators. On the theory side, a non-zero thermal Hall conductivity κ xy was shown to arise even without long-range magnetic order, either from the spin chirality of a paramagnetic state 7 or from fractionalized (topological) excitations in a spin liquid 11 . On the experimental side, a sizeable κ xy has been measured in insulators without magnetic order, such as the spin-ice system Tb 2 Ti 2 O 7 (ref. 12 ) and the spin-liquid systems RuCl 3 (ref. 4 ), volborthite 5 and Ca kapellasite 6 . In cuprates, studies of κ xy have so far been limited to the superconducting state [13] [14] [15] , except for the case of YBa 2 Cu 3 O y (YBCO) at p = 0.11, where κ xy was measured in the field-induced normal state 16 , which has charge-density-wave order 2 . See Methods for a discussion of this particular case.
Here, we investigate the thermal Hall response of the pseudogap phase via measurements of κ xy in four different cuprate showing the antiferromagnetic phase below the Néel temperature T N and the pseudogap phase below T* (ref. 29 ) , which ends at the critical doping p* = 0.23 for both Nd-LSCO (ref. 17 ) and Eu-LSCO (ref. 30 ). For LSCO, p* ≈ 0.18 (ref. 29 ). Short-range incommensurate spin order occurs below T m , as measured by μSR on Nd-LSCO (squares 21 ), Eu-LSCO (circles 31 ) and LSCO (triangles 32 ). The coloured vertical strips indicate the temperature range where the thermal Hall conductivity κ xy /T at the corresponding doping decreases towards negative values at low temperature (see b). b, Thermal Hall conductivity κ xy /T versus temperature in a field H = 15 T, for four materials and dopings as indicated, colour-coded with the vertical strips in a. On the right vertical axis, the magnitude of κ xy /T is expressed in fundamental units of thermal conductance per plane (k B 2 /ħ).
Letter reSeArCH (Fig. 1a) . The κ xy data reported here are all in the normal state, with superconductivity suppressed by application of a magnetic field normal to the CuO 2 planes. In Nd-LSCO and Eu-LSCO, the critical doping 17 is at p* = 0.23 (Fig. 1a) . In Fig. 2a , we plot κ xy /T versus T for Nd-LSCO at p = 0.24. We find that κ xy is positive and that κ xy /T increases monotonically with decreasing T, tracking closely the electrical Hall conductivity σ xy measured on the same sample, satisfying the Wiedemann-Franz law as
2 (here k B is the Boltzmann constant and e the electron charge). The large positive value of σ xy is dictated by the large Fermi surface at p > p* and its positive Hall number n H ≈ 1 + p (ref. 17 ). Clearly, at p = 0.24, κ xy is entirely due to the conventional Hall effect of mobile charge carriers.
We now turn to dopings immediately below the pseudogap critical point. In Fig. 2b , we plot κ xy /T versus T for Nd-LSCO at p = 0.20. We see a qualitatively different behaviour, with κ xy becoming negative at low T. As seen in Fig. 3a , this qualitative change occurs immediately below p*. In Eu-LSCO, the very same change occurs across p* (Fig. 3b) , from positive κ xy above p* (p = 0.24) to negative κ xy (at low T) below p* (p = 0.21), with essentially identical data to Nd-LSCO at p = 0.24 and p = 0.21. The negative κ xy is therefore a property of the pseudogap phase.
We also measured κ xy in Bi2201 (a cuprate with a different crystal structure to that of Nd-LSCO and Eu-LSCO), using an overdoped sample of La content x = 0.2, with p slightly below p* (ref. 18 ). In Fig. 2d , we see that κ xy (T) in Bi2201 displays a remarkably similar behaviour to that of Nd-LSCO and Eu-LSCO at p < p*. A negative thermal Hall conductivity κ xy at low temperature is therefore a generic property of the pseudogap phase, independent of material. Note that the electrical Hall conductivity σ xy measured on the same samples remains positive down to T → 0 (Fig. 2b, d) .
We now move to much lower doping. In Fig. 1b , we see that κ xy /T is still negative at low temperature in Eu-LSCO at p = 0.08 and in LSCO at p = 0.06, where in both cases σ xy is positive and completely negligible (Fig. 2e, f) , because the samples are almost electrically insulating at low temperature. This shows that the negative κ xy signal of the pseudogap phase is not due to the conventional Hall effect of mobile charge carriers.
Magnons can be excluded as the source of this negative κ xy . In the phase diagram of Fig. 1a , we delineate in grey the regions where static magnetism is detected by muon spin resonance (μSR), whether as incommensurate correlations below an onset temperature T m or as commensurate Néel order below the Néel temperature, T N . We see that in all three materials-Nd-LSCO at p = 0.20, Eu-LSCO at p = 0.08 and LSCO at p = 0.06-the negative κ xy signal is present well above T m (Fig. 1) , where there is no static magnetism. Moreover, the κ xy (T) curve for La 2 CuO 4 (Fig. 1b) , that is, undoped LSCO with p ≈ 0, where there is long-range antiferromagnetic order below approximately 300 K (Fig. 1a) , is very similar to the curve for LSCO at p = 0.06 (Fig. 1b) , where there is no magnetic order above T ≈ 5 K (Fig. 1a) . (See Methods for further discussion of magnons.) We conclude that magnetic order is not responsible for the negative κ xy signal seen in cuprates at all dopings below p*, and magnons are ruled out as the relevant excitations.
Phonons can generate a non-zero κ xy signal if they are subject to scattering by spins 19, 20 . Spin scattering will also show up in the longitudinal thermal conductivity κ xx , which is dominated by phonons, in two ways: (1) it reduces the magnitude of κ xx relative to a non-magnetic analogue material; and (2) it produces a field dependence of κ xx .
In relation to (1), we note that κ xx in Nd-LSCO does not decrease below p*; on the contrary, it increases (Extended Data Fig. 3 ), most probably because electron-phonon scattering decreases as the charge carrier density drops. So the large negative κ xy signal that appears below p* is not accompanied by a reduction of κ xx that would signal the onset of spin scattering. One could invoke a scenario where the decrease in electron-phonon scattering overcompensates the effect of the spin scattering, but the latter would still have to be small, which is hard to reconcile with the enormous κ xy signal. Moreover, there is no evidence that the spin state of Nd-LSCO changes across p*. On the contrary, static moments present at p = 0.12 cease to be detected (by μSR) at p = 0.20 (ref. 21 ), so that p = 0.20 and p = 0.24 are equally non-magnetic from the μSR point of view. In other words, magnetic moments that could scatter phonons are not substantially different above and below p*.
In relation to (2), the strength of the field (H) dependence of κ xx is measured by the ratio [κ xx (H) − κ xx (0)]/κ xx (0). In Fig. 4a (Fig. 4b ), thanks to their exceptionally strong lattice-spin coupling-a measure of which is the strong field dependence of κ xx , about 100 times larger in (Fe,Zn) 2 Mo 3 O 8 than in the cuprates (Fig. 4a) .
The large negative κ xy reported here for cuprates is not due to the standard Hall effect of charge carriers, it is not caused by magnons and there is no clear evidence that it comes from phonons. Its occurrence is all the more surprising given the 'no-go theorem' that should strongly limit its magnitude on a square lattice 22 . Identifying the excitations responsible for the negative κ xy signal will shed new light on the nature of the pseudogap phase. It is instructive to compare cuprates with insulators that are believed to host spin-liquid states. The largest κ xy signal so far in such materials was detected in RuCl 3 (Fig. 4b) . In this 2D 
Table 1 | Thermal Hall conductivity in various insulators
Material 6 and Ba3CuSb2O9 (ref. 20 ). We also list the thermal conductivity κxx measured at the same temperature, in zero field (third column). The change induced in κxx by the field, Δκxx = κxx(H) − κxx(0), is given in absolute and relative terms (fourth and fifth column, respectively). ND, not determined.
Letter reSeArCH material, spins on a honeycomb lattice are frustrated and only order (antiferromagnetically) below T N = 7 K. Above T N , the paramagnetic state is thought to be a spin-liquid state described approximately by the Kitaev model 11 .
In Fig. 4c , we reproduce data from ref. 23 for κ xy / T versus T in RuCl 3 . Above 100 K, κ xy /T is vanishingly small. Below 100 K, κ xy /T grows gradually with decreasing T down to 20 K or so (and then drops rapidly as T N is approached). In the regime between 20 K and 100 K, κ xy /T is well described by calculations for the Kitaev model 11 , implying that the κ xy signal in RuCl 3 comes from itinerant Majorana fermions-exotic neutral excitations of topological character. This interpretation is supported by the observation 24 of a predicted 11 quantization of the thermal Hall conductivity (at low T when antiferromagnatic order is suppressed by applying a field in the 2D planes).
Other spin-liquid candidates, such as volborthite 5 and Ca kapellasite 6 , exhibit qualitatively similar κ xy (T) (Fig. 4d) , suggesting that the gradual growth below about 100 K is a general behaviour.
In Fig. 4c, d , we compare our data on LSCO p = 0.06 to the data on RuCl 3 and Ca kapellasite, respectively. There is a tantalizing similarity in the gradual growth of |κ xy /T| below 100 K or so, but there are some differences. First, whereas κ xy is positive in these two spin-liquid candidates, it is negative in cuprates. (This may reflect the particular topological character of the different states.) Second, the signal in LSCO is approximately 10 to 25 times larger (Fig. 4) . Last, in LSCO, κ xy /T continues to grow down to the lowest measured temperature (but it may well drop below about 5-10 K).
In summary, the thermal Hall effect in cuprates reveals a hitherto unknown facet of both the enigmatic pseudogap phase and the Mott insulator, reminiscent of a spin liquid. It points to a state with chirality 7 . It will be interesting to see whether models of topological order 10 , spincharge separation 25 or current loops 26 , for example, may be consistent with the giant κ xy signal that appears below p*. A recent calculation shows that neutral spinons in certain states with topological order on a square lattice can produce a substantially enhanced thermal Hall conductivity 27 .
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-019-1375-0. Table 1 . We see that La 2 CuO 4 has the largest known value of all insulators. c, Thermal Hall conductivity κ xy /T versus temperature for LSCO at p = 0.06 in H = 15 T (red) and RuCl 3 in H = 16 T (blue, ×10; data from ref. 23 ). In RuCl 3 , the gradual growth of κ xy /T on cooling below T ≈ 100 K is attributed to Majorana fermions, the topological excitations of the Kitaev spin liquid 4, 6, 11 . Below T ≈ 20 K, κ xy /T drops on approaching the antiferromagnetic phase (AF; grey). d, Same as in c but for the spin-liquid insulator Ca kapellasite (green, ×25; data from ref. 6 ). These comparisons point to a spin-liquid character of the pseudogap phase in cuprates.
Letter reSeArCH ). Bi2201. Our single crystal of Bi 2 Sr 2−x La x CuO 6+δ (Bi2201) was grown at CRIEPI in Kanagawa using a travelling-float-zone technique 33 , with La content x = 0.2. The value of T c , defined as the onset of the drop in magnetization, is T c = 18 K. Given its x and T c values, the doping of this overdoped sample is such that p < p* (ref. 18 ). Transport measurements. Our comparative study of heat and charge transport was performed by measuring the thermal Hall conductivity κ xy and the electrical Hall conductivity σ xy on the same sample, using the same contacts made of silver epoxy H20E annealed at high temperature in oxygen. Thermal measurements. A constant heat current Q was sent in the basal plane of the single crystal (along x), generating a longitudinal temperature difference (Fig. 2c) . The thermal conductivity along the x axis is given by
where L is the separation (along x) between the two points at which T + and T − are measured, w is the width of the sample (along y) and t its thickness (along z). By applying a magnetic field H along the c axis of the crystal (along z), normal to the CuO 2 planes, one generates a transverse gradient ΔT y (Fig. 2c) . The thermal Hall conductivity is defined as κ xy = −κ yy (ΔT y /ΔT x )(L/w), where κ yy is the longitudinal thermal conductivity along the y axis. In this study, we take κ yy = κ xx . The thermal Hall conductivity κ xy of our samples was measured in magnetic fields up to H = 18 T. The measurement procedure is described in detail elsewhere 16 . Electrical measurements. The longitudinal resistivity ρ xx and Hall resistivity ρ xy were measured in magnetic fields up to 16 T in a Quantum Design PPMS in Sherbrooke. (For Nd-LSCO p = 0.20, σ xy was measured at H = 33 T (ref. 17 ).) The measurements were performed using a conventional six-point configuration with a current excitation of 2 mA, using the same contacts as for the thermal measurements (Fig. 2c) . The electrical Hall conductivity σ xy is given by σ ρ ρ ρ = / + ( ) xy xy xx xy 2 2 . Field dependence of the thermal Hall conductivity. All of the data reported here were taken in a magnetic field (normal to the CuO 2 planes) large enough to fully suppress superconductivity, and thereby access the normal state of Nd-LSCO, Eu-LSCO, LSCO and Bi2201. Indeed, a field of 15 T is sufficient to do this in all samples presented here, down to at least 5 K. In the normal state, κ xy has an intrinsic field dependence. In Extended Data Fig. 4 , we show how κ xy in LSCO p = 0.06, where T c = 5 K, depends on magnetic field for T > T c : the linear H dependence of κ xy at high T becomes sublinear at low T.
It may be worth pointing out that the sudden appearance of a new negative κ xy signal below p* is not correlated with any change in the superconducting properties of the sample. The easiest way to see this is to compare Nd-LSCO or Eu-LSCO at p = 0.24 and p = 0.21. While the superconducting properties at p = 0.24 and p = 0.21 are very similar-that is, T c ≈ 10 K versus 15 K and H c2 ≈ 10 T versus 15 T (ref. 30 )-the κ xy response is totally different (at low T): positive at p = 0.24, negative at p = 0.21 (Fig. 3) . Thermal Hall conductivity in YBCO. In YBCO at p = 0.11, there is huge negative κ xy signal in the field-induced normal state 2 . In this excellent metal, whose Fermi surface is reconstructed by charge-density-wave order into a small electron pocket of high mobility 2 , the electrical Hall conductivity σ xy is equally huge. In fact, the Wiedemann-Franz law was found to hold, namely κ xy /T = L 0 σ xy as T → 0, within error bars of ±15% (ref. 16 ). In other words, the negative κ xy signal in this case is due to the charge carriers (that is, to electrons). However, because the ±15% uncertainty corresponds to ±12 mW K −2 m −1 (in 27 T), it is impossible to know whether the κ xy signal in YBCO might also contain a contribution of −2 to −6 mW K −2 m −1 from neutral excitations (that is, −1 to −3 mW K −2 m −1 in 15 T; Fig. 1b) .
Mott insulator. We can estimate the doping of our LCO sample (La 2 CuO 4 ) by comparing its resistivity with published data. In Extended Data Fig. 6 , we compare the resistivity of our LCO sample to published data by Uchida and co-workers 34 on the most stoichiometric sample of La 2 CuO 4 they were able to produce, with the highest resistivity. We see that our LCO sample has a similar resistivity, even slightly higher at low temperature. We conclude that p is very close to zero in our sample. In Extended Data Fig. 6 , we also compare with data from Komiya and co-workers 35 on a LSCO sample with Sr content x = 0.01. We see that our LCO sample's resistivity is larger by several orders of magnitude. We conclude that p < 0.01 in our LCO sample.
In Extended Data Fig. 6 , we compare the resistivity of our sample of LCO and our sample of LSCO with p = 0.06. We see that their resistivities at low T differ by 7-8 orders of magnitude. This shows that although the two samples have very similar κ xy curves (Fig. 1b) , they are electrically very different. Thermal Hall signal from magnons. In undoped La 2 CuO 4 , magnons have been well characterized by inelastic neutron scattering measurements 36 . There are two magnon branches, each with its own spin gap, of magnitude 26 K and 58 K, respectively. The thermal conductivity of magnons, κ mag , is therefore thermally activated at T < 26 K, so that κ mag decreases exponentially at low T. Hess and co-workers have estimated κ mag in La 2 CuO 4 by taking the difference between in-plane and out-of-plane conductivities 37 . In Extended Data Fig. 5 , we see that κ mag /T decreases monotonically as T → 0 below 150 K.
By contrast, κ xy /T in La 2 CuO 4 increases monotonically with decreasing T, all the way down to T ≈ 5 K (Extended Data Fig. 5 ), a temperature 5 times smaller than the smallest gap, where there are no thermally excited magnons. Moreover, when we move up in doping to p = 0.06, where antiferromagnetic order is gone and LSCO is in a very different magnetic state (Fig. 1a) , without well-defined magnons or a spin gap, κ xy (T) is essentially identical to that in La 2 CuO 4 (Fig. 1b) . We conclude that magnons are not responsible for the large negative κ xy in cuprates.
Note, moreover, that a collinear antiferromagnetic order on a square lattice (such as that found in La 2 CuO 4 ) is expected 22 to yield κ xy = 0. A non-zero κ xy signal could come from the canting of spins out of the CuO 2 planes, but one would expect it to be very small 27 -and it would still vanish at low T because of the gap in the magnon spectrum. Note also that there could be some low-energy spin excitations in La 2 CuO 4 besides the well-known magnons. Magnetic susceptibility measurements in La 2 CuO 4 and lightly doped LSCO have revealed some unusual features, not consistent with a simple Néel state 38 . Thermal Hall signal from phonons. Phonons can produce a non-zero κ xy signal if they undergo scattering by spins 3, 19 . Spin scattering of phonons can be detected through its impact on κ xx . First, it reduces the magnitude of κ xx relative to its value without spin scattering. A good example of this is provided by the insulators Y 2 Ti 2 O 7 and Tb 2 Ti 2 O 7 . In non-magnetic Y 2 Ti 2 O 7 , κ xx (T) is large and typical of phonons in non-magnetic insulators (Extended Data Fig. 2a) . In isostructural Tb 2 Ti 2 O 7 , which has a large moment on the Tb ion, κ xx (T) is massively reduced (Extended Data Fig. 2a) , as phonons undergo strong spin scattering. At T = 15 K, κ xx is 15 times smaller in Tb 2 Ti 2 O 7 .
A second signature of the spin scattering of phonons is a field dependence of κ xx . In Tb 2 Ti 2 O 7 , a field of 8 T causes a 30% reduction in κ xx at T = 15 K (ref. 12 ; Fig. 4a , Extended Data Fig. 2b, Table 1 ). In the multiferroic material (Fe,Zn) 2 Mo 3 O 8 , where the spin-phonon coupling is known to be very strong, a field of 9 T causes a 30% reduction in κ xx at T = 30 K (ref. 3 ; Fig. 4a , Table 1 ). Let us now look for those two signatures in cuprates. First, in Nd-LSCO, where the negative κ xy signal is absent at p = 0.24 and present at p = 0.21, with a magnitude about 10 times larger than in Tb 2 Ti 2 O 7 . If this very large κ xy signal is due to phonons, then there must be some very strong spin scattering of phonons that appears below p = 0.24, which would show up as a massive decrease in κ xx . In Extended Data Fig. 3 , we see that there is no decrease of κ xx in going from p = 0.24 to p = 0.21-on the contrary, κ xx increases.
Second, we look at the field dependence of κ xx in LSCO p = 0.06, where the negative κ xy signal is about 20 times larger than in Tb 2 Ti 2 O 7 , at T = 15 K and H = 8 T (ref.
12
; Extended Data Fig. 2b, d , Table 1 ). In LSCO, the change in κ xx induced by a field of 8 T at T = 14 K is no more than 1% (Extended Data Figs. 1e  and 2d ), so about 20 times smaller than in Tb 2 Ti 2 O 7 . (This could in part be due to a larger relevant field scale in cuprates.) In addition to being negligible in size, the H dependence of κ xx in LSCO has the wrong T dependence: [κ xx (15 T) − κ xx (1 T)]/ T drops below 30 K, whereas κ xy /T keeps growing monotonically as T → 0 (Extended Data Fig. 1f) .
So we find that neither of the two standard signatures of strong phonon-spin scattering is clearly present in cuprates. Moreover, there is no evidence that a new spin state appears below p* in Nd-LSCO, which would introduce a new mechanism for scattering phonons. On the contrary, static moments present at p = 0.12 cease to be detected (by μSR) at p = 0.20 (ref. 21 ), so that p = 0.20 and p = 0.24 are equally non-magnetic from the μSR point of view.
